Abstract Purpose: Microphthalmia transcription factor (Mitf), which is important in melanocyte development and melanoma growth, was assessed using real-time quantitative reverse transcription-PCR assay to investigate its expression as a marker for circulating melanoma cells in blood and determine the correlation with disease stage and survival in melanoma patients. Experimental Design: In optimization studies for Mitf, we tested 15 melanoma cell lines, 41 peripheral blood lymphocytes from healthy volunteers, and 21 metastatic melanoma tissues. Blood specimens were procured from 90 patients with stage I (n = 20), stage II (n = 20), stage III (n = 28), and stage IV (n = 22) melanoma. Blood specimens were also obtained at four bleed intervals from 58 patients enrolled in a prospective multicenter trial of biochemotherapy before and after surgical treatment of American Joint Committee on Cancer stage III melanoma. Results: Under the optimized conditions, Mitf was negative in healthy peripheral blood lymphocytes and positive in all melanoma cell lines and 18 (86%) melanoma tissues. In the 90 patients, the rate of Mitf detection was higher with increasing American Joint Committee on Cancer stage (P < 0.0001). In the 58 patients treated with biochemotherapy and surgery, Mitf detection decreased with treatment (P = 0.019). Mitf detection after treatment was associated with a significantly lower relapse-free (P < 0.0001) and overall (P = 0.001) survival and was a significant independent prognostic factor for relapse-free (risk ratio, 5.63; P = 0.0004) and overall (risk ratio, 5.36; P = 0.005) survival. Conclusions: Mitf detection in blood can indicate subclinical metastatic disease and predict treatment outcome in melanoma patients.
Assessment of circulating tumor cells as a surrogate marker of cancer status is promising because, unlike tumor tissue, blood can be sampled repeatedly with limited invasive procedures (1 -4) . Recently, real-time quantitative reverse transcription-PCR (RT-PCR) assay has been used to detect circulating tumor cells in blood and only a few studies have shown clinical utility as a predictive surrogate for treatment response (5 -8) . Because of the heterogeneous expression of tumor genes and variable performance of the assays, the utility of markers in circulating tumor cell detection has not reached consensus. In melanoma, our group introduced the detection of circulating tumor cells using reverse transcription-PCR assay and showed its utility (9, 10) . Recently, we showed that a multimarker quantitative RT-PCR assay using melanoma-associated mRNA for MART-1 (melanoma antigen recognized by T cells-1), GalNAc-T (h1!4-N-acetylgalactosaminyltransferase), PAX-3 (paired box homeotic gene transcription factor 3), and MAGE-A3 (melanoma antigen gene-A3 family) was useful for detection of circulating tumor cells in blood and that the detection of markers was associated with melanoma stage and treatment outcome (11, 12) .
To assess new potential markers as a surrogate of circulating tumor cells and predictor for disease outcome, we examined a marker that would reflect the biological characteristics of melanoma cells shed into circulation from primary and/or metastatic lesions (1) . Recent reports show that key transcriptional factors regulate the phenotype, biology, and growth of melanoma and play an important role in its development and progression (13 -15) . The phenotype of melanoma cells is associated with its survival and tumor progression (15, 16) .
Microphthalmia transcription factor (Mitf) is essential for the development and postnatal survival of melanocytes (17) .
Recent studies have suggested the correlation of Mitf expression with melanoma cell growth (18 -20) . Among several isoforms of Mitf, Mitf-M is present in melanoma cells and melanocytes (16, 21) . Mitf regulates expression of a variety of genes including melanocyte-differentiating genes, in particular the pigmentation enzymes such as tyrosinase, gp100/pMel17, TRP1, and TRP2 (17, 19, 22, 23) . Mitf mutations in humans produce Waardenburg syndrome type 2, a condition characterized by melanocyte deficiency in the skin and inner ear (24, 25) . Mitf expression is up-regulated by Wnt signaling via Lef-1/h-catenin complex binding site (26, 27) , by a-MSH (a-melanocyte-stimulating hormone) via a cyclic AMP-mediated signal transduction pathway (28, 29) , and by c-Kit signaling through mitogen-activated protein kinase phosphorylation (30, 31) . Transcriptional factor PAX-3, mutations of which are the cause of Waardenburg syndrome types 1 and 3, and transcriptional factor SOX10, a critical activator of TRP-1 which is correlated with Waardenburg syndrome type 4, also strongly activate Mitf expression in a cooperative manner (32, 33) . A recent study shows that Mitf cooperates with Rb1 and can regulate cell cycle progression through activation of p21 Cip1 expression (20) . Previous studies using immunohistochemistry showed that Mitf has emerged as a potential diagnostic and prognostic marker for melanoma tissue (34, 35) ; however, its expression has not been well explored as a surrogate marker for circulating melanoma cells in blood.
Our hypothesis is that Mitf expression in blood can be used as a surrogate of circulating tumor cells and predict the subclinical tumor progression and disease outcome in melanoma patients undergoing therapy. To test this hypothesis, we used a quantitative RT-PCR assay for Mitf mRNA to detect circulating tumor cells in blood of melanoma patients. In this study, we showed that Mitf detection in blood was correlated with melanoma stage and survival after neoadjuvant biochemotherapy. Fifteen melanoma cell lines (MA, MB, MC,  MD, ME, MF, MG, MH, MI, MJ, MK, ML, MM, MN, and MO) established and characterized at the John Wayne Cancer Institute were used in the study. Cells were grown in RPMI 1640 containing 10% heatinactivated FCS and 1% of penicillin/streptomycin (Life Technologies, Inc., Grand Island, NY) in T75-cm 2 flask and were used for mRNA analysis when they reached 70% to 80% confluence as previously described (11) .
Patients and Methods

Melanoma cell lines.
Optimization of the quantitative RT-PCR assay. To optimize the quantitative RT-PCR assay, 15 melanoma cell lines, 41 healthy donor peripheral blood lymphocytes (PBL), and 21 cryopreserved metastatic melanoma tissues were assessed. To determine the detection limit for melanoma cells in blood and assess the clinical feasibility of the assay, we did quantitative RT-PCR on serial diluted melanoma cells mixed with PBLs from healthy donors. Patients then underwent therapeutic lymphadenectomy and began two cycles of biochemotherapy within 42 days after surgery; the biochemotherapy regimen and interval were the same as before surgery. Blood samples were obtained immediately before preoperative biochemotherapy (n = 58), before surgery (presurgery, n = 53), after surgery (postsurgery, n = 55), and after postoperative biochemotherapy (n = 55). The interval between each sampling time was f6 weeks and blood specimens that were not processed within 24 hours after procurement were excluded from the study. All patients were clinically and radiologically evaluated at specified time points during treatment and follow-up.
Both groups of patients signed informed consent forms for the use of their blood specimens. These studies were approved and carried out according to guidelines set forth by the Saint John's Health Center and John Wayne Cancer Institute Institutional Review Board committee and three independent Institutional Review Board committees for centers participating in the phase II clinical trial (Saint John's Health Center/John Wayne Cancer Institute, University of Colorado Cancer Center, Aurora, CO; and Hubert H. Humphrey Cancer Center, Robbinsdale, MN). All blood specimens were coded by a computergenerated number and recorded by the database coordinator at John Wayne Cancer Institute independently of investigators and biostatisticians.
Blood processing and quantitative RT-PCR assay. Ten milliliters of blood were collected in sodium citrate -containing tubes from each patient. To eliminate skin-plug contamination of the blood sample from initial venipuncture, the first several milliliters of blood were discarded as previously described (9, 36) . Blood cells were prepared using Purescript RBC Lysis Solution (Gentra, Minneapolis, MN) following the instruction of the manufacturer as previously described (11) .
Tri-Reagent (Molecular Research Center, Cincinnati, OH) was used to isolate total cellular RNA from blood specimens as previously described (9, 36) . RNA was quantified and assessed for purity by UV spectrophotometry. Blood processing, RNA extraction, reverse transcription-PCR assay setup, and post reverse transcription-PCR product analysis were carried out in separate designated rooms to prevent crosscontamination.
Reverse transcription reactions were done using Moloney murine leukemia virus reverse transcriptase (Promega, Madison, WI) with oligo-dT primer (36, 37) . A multimarker quantitative RT-PCR assay was done using iCycler iQ Real-Time Thermocycler Detection System (BioRad Laboratories, Hercules, CA) as previously described (11, 37) . Primer and probe sequences were designed for the quantitative RT-PCR assay using Oligo Primer Analysis Software, version 5.0 (National Biomedical systems, Plymouth, MN). Primers were designed to span one intron to avoid amplification of contaminating genomic DNA and were synthesized for Mitf-M. Samples were amplified with a precycling hold at 95jC for 10 minutes, followed by 42 cycles of denaturation at 95jC for 1 minute, annealing at 58jC for 1 minute for Mitf (annealing at 55jC for GAPDH), and extension at 72jC for 1 minute.
Each assay was done at least twice and included marker-positive (melanoma cell line) and marker-negative (PBL with negative for Mitf) controls and reagent with no template controls. GAPDH gene was used as a housekeeping gene to verify integrity of RNA and efficacy of reverse transcription. Any specimen with inadequate GAPDH mRNA was excluded from the study. The mean mRNA copies were used for analysis.
Statistical analysis. In the 90 patients with AJCC stage I-IV melanoma, stage-related differences in Mitf copy number were examined by Kruskal-Wallis test and Mann-Whitney U test; stagerelated differences in Mitf positivity were examined by CochranArmitage trend test and Fisher's exact t test.
The study of the 58 patients from the biochemotherapy trial was designed to investigate the changes in circulating tumor cells during treatment course and prognostic effect of circulating tumor burden after overall treatment on disease relapse and survival. Primary outcomes were Mitf detection after all treatments, relapse of the disease, and survival. Wilcoxon signed-rank test was used to compare Mitf copy number during treatment. McNemar's test was used for assessment of changes in Mitf positivity with treatment. Relapse-free survival after lymphadenectomy and overall survival from the start of biochemotherapy (preoperative biochemotherapy) were used for outcome measurement. Univariate analysis of relapse-free survival and overall survival according to clinicopathologic factors (age, gender, primary site, pT stage, pN stage, and previous therapy) and Mitf detection at each sampling point were done using the log-rank test. Cox proportional hazard model was developed to examine the association of Mitf detection with relapse-free survival and overall survival and used for multivariate analysis. Clinicopathologic variables and Mitf detection at each sampling point were included in the model and a stepwise method was used for prognostic variable selection. Survival curves were generated using the Kaplan-Meier method. The analysis was done using SAS statistical software and all tests were two sided with a significance level of V0.05.
Results
Mitf expression in cell lines and tumors. The standard curves generated by using threshold cycles of nine serial dilutions of plasmid templates (10 8 -10 0 copies) showed the expected linear increase of signal with logarithm of the copy number (data not shown). PCR efficiency evaluated from the slopes of the curves was between 90% and 100%. The correlation coefficient for all standard curves was z0.99. We confirmed the product size of Mitf by gel electrophoresis and optimized assay conditions for quantitative RT-PCR (data not shown).
The range of absolute mRNA copies of GAPDH was follows: 3.8 Â ) in PBLs from healthy donors (Fig. 1 ). Relative Mitf copies were significantly higher in melanoma cell lines and metastatic melanoma tissues than in normal PBLs (P < 0.0001). We set the cutoff for Mitf positivity at 2.8 Â 10
À4
; this was above the Mitf levels of all normal PBLs but below the Mitf levels of all melanoma cell lines and 18 of 21 (86%) metastatic tissues. The cutoff point was above the mean relative Mitf copy number plus 5 SD of healthy donor PBLs. Blood specimens with higher relative Mitf copies than the cutoff point were considered as positive for Mitf.
Sensitivity of quantitative RT-PCR assay for Mitf in melanoma cell dilution study. Sensitivity of the optimized quantitative RT-PCR assay for Mitf was assessed. Relative Mitf mRNA copies gradually decreased as the melanoma cells in normal PBLs decreased (Fig. 2) . Relative Mitf copies of samples without melanoma cells ranged from 2.5 Â 10 À5 to 1.0 Â 10
(mean F SD, 7.4 Â 10 À5 F 5.7 Â 10 À5 ). When 10 melanoma cells were mixed in 10 7 PBLs, relative Mitf copies ranged from 1.0 Â 10 À3 to 3.0 Â 10 À3 (mean F SD, 1.9 Â 10 À3 F 8.9 Â
). In four separate experiments, all results were higher than the cutoff point of the quantitative RT-PCR assay. We also assessed dilutions of f1 melanoma cell in 10 7 healthy donor PBLs. The relative Mitf copies above the cutoff was observed in two of four experiments (data not shown). These studies indicated the feasibility and sensitivity of the quantitative RT-PCR assay to detect occult melanoma cells in blood.
Mitf expression and AJCC stage of disease. We assessed the Mitf detection in melanoma patients with different AJCC stages. Relative Mitf copies ranged from 0 to 2.4 Â 10 À3 in blood from the 90 patients with AJCC stage I-IV melanoma (Fig. 3) . Stagerelated differences in relative Mitf copies were determined significant (P = 0.012, Kruskal-Wallis test) and relative Mitf copies were significantly higher in advanced AJCC stage patients than in earlier stage patients (I versus III, P = 0.04; I versus IV, P = 0.003; II versus III, P = 0.03; II versus IV, P = 0.002; I/II versus III/IV, P = 0.02; Mann-Whitney U test). Mitf was positive in blood specimens from 35 of 90 (39%) patients (Table 1 ). Mitf detection frequency was significantly related to higher AJCC stage (Cochran-Armitage trend test; P < 0.0001). Mitf was positive in only 7 of 40 (18%) stage I/II patients compared with 28 of 50 (56%) stage III/IV patients (P = 0.0002, Fisher's exact t test).
Correlation of Mitf expression with disease relapse. To further validate the utility of the Mitf quantitative RT-PCR assay, we assessed melanoma patients entered in a prospective phase II multicenter neoadjuvant biochemotherapy trial. In 221 blood specimens from the 58 melanoma patients enrolled in the biochemotherapy trial, relative Mitf copies ranged from 0 to 2.0 Â 10
À3
. Relative Mitf copies decreased with treatment and were significantly lower postoperative biochemotherapy (2.5 Â 10 À4 F 2.6 Â 10 À4 ) than preoperative biochemotherapy (3.6 Â 10 À4 F 3.5 Â 10 À4 ; P = 0.029, Wilcoxon signed-rank test). At a median follow-up time of 31.8 months (range, 4.6-52.4 months), 17 of 58 (29%) patients had relapsed and 41 (71%) were clinically disease-free. The rate of Mitf detection after overall treatment (after postsurgery biochemotherapy) clearly distinguished relapse and relapse-free patient groups: 7% for relapse-free patients versus 53% for relapse patients (P = 0.0005, Fisher's exact t test; Table 2 ). In patients who remained relapse-free, the rate of Mitf detection significantly decreased after all treatments (McNemar's test; P = 0.0002) and after each phase of biochemotherapy (preoperative, P = 0.027; postoperative, P = 0.017). In patients with relapse, there was no significant difference between any two sampling points.
Correlation of Mitf expression with relapse-free survival and overall survival. We then evaluated whether Mitf detection related to disease outcome. Before treatment, Mitf detection After overall treatment, Mitf detection was inversely correlated with relapse-free survival (P < 0.0001; Fig. 4A ). For patients whose specimens did not express Mitf, the estimated relapsefree survival was 92% [95% confidence interval (95% CI), 85-96%] for 12 months and 85% (95% CI, 73-92%) for 24 months. For patients with positive Mitf, the estimated relapsefree survival was 66% (95% CI, 47-81%) for 12 months and 43% (95% CI, 23-67%) for 24 months. Univariate analysis using log-rank test showed that Mitf detection after overall treatment (P < 0.0001) and pN stage (P = 0.04) were significantly correlated with relapse-free survival (Table 3) . Multivariate analysis using Cox proportional hazard model showed that Mitf detection after treatment was the only significant predictor for disease relapse (risk ratio, 5.63; 95% CI, 2.16-14.68; P = 0.0004).
After overall treatment, Mitf detection was inversely correlated with overall survival (P = 0.001; Fig. 4B ). For patients whose specimens did not express Mitf, the estimated overall survival was 96% (95% CI, 90-98%) for 12 months and 91% (95% CI, 81-96%) for 24 months. For patients with positive Mitf, the estimated overall survival was 78% (95% CI, 61-89%) for 12 months and 61% (95% CI, 39-80%) for 24 months. Univariate analysis showed that Mitf detection after preoperative biochemotherapy (P = 0.04) and Mitf detection after overall treatment (P = 0.001), pN stage (P = 0.02), and age (>50 versus V50; P = 0.03) were significantly correlated with overall survival. Multivariate analysis showed that Mitf detection after overall treatment (risk ratio, 5.36; 95% CI, 1.67-17.19; P = 0.005) was a significant independent prognostic factor for overall survival as well as age (risk ratio, 3.82; 95% CI, 1.20-13.32; P = 0.04).
Discussion
Although recent studies have shown the importance of circulating tumor cells in blood (1 -3) , the clinical utility of molecular detection has had controversy because there is no consistent correlation with disease outcome. Development of sensitive and specific marker assay is needed to evaluate circulating tumor cells as a surrogate marker of disease progression and treatment response. In this study, we showed the utility of a quantitative RT-PCR assay in detecting and measuring Mitf expression in blood directly from patients with different stages of melanoma and in predicting disease progression and treatment outcome.
We evaluated Mitf detection because it is a key transcriptional factor that regulates the melanogenesis pathway. Mitf has been assessed in primary and metastatic melanoma tumors using immunohistochemistry and its utility for diagnosis of melanoma has been shown (34, 35) . However, there were no major studies that have assessed Mitf as a surrogate marker of circulating tumor cells and disease outcome (38) and, to our knowledge, none has used a quantitative RT-PCR assay. Recent studies showed that Mitf regulates expression of other genes, such as Bcl-2 and CDK2, and might be a potential drug target in melanoma treatment (18, 19) . This regulation by Mitf may contribute to proliferation and/or growth of melanoma (18, 19), which suggests that higher levels of Mitf confer an aggressive phenotype. Although previous studies indicated that Mitf was not expressed in all melanoma cell lines (16, 39) , our quantitative RT-PCR assay detected its expression in all melanoma cell lines assessed and in 20 of 21 metastatic melanoma tissues. Whereas expression of many melanocytic markers is often down-regulated in metastatic melanoma, Mitf expression is usually maintained and frequently found in primary and metastatic tumors (34, 40 -42) ; our findings from assessment of metastatic melanoma tissues were consistent with previous reports. The dilution study of melanoma cells in PBLs of normal donors supported a determined cutoff point for Mitf positivity and the quantitative RT-PCR assay for Mitf was sensitive and reliable for detection of circulating tumor cells in blood of melanoma patients.
In the 90 patients with AJCC stage I-IV melanoma, Mitf detection in blood significantly increased according to disease stage. These findings suggested that circulating tumor cells are more frequently found in patients with AJCC stage III/IV (metastatic) diseases. The study suggests that Mitf expression in blood may be a prognostic marker for assessing potential systemic spread of melanoma. The low detection rate in AJCC stage I/II (localized disease) patients likely resulted from the intermittent or low level release of tumor cells into blood and may be related to the low metastatic potential in patients.
In the 58 patients from the biochemotherapy trial, a significant correlation between Mitf detection after overall treatment and lower survival indicated the clinical utility of Mitf as a predictive marker for disease progression and overall survival. The change in Mitf detection was clearly different between relapse-free and relapse groups, and both preoperative and postoperative biochemotherapy significantly reduced Mitf positivity only in relapse-free patients. These results also suggested the potential utility of Mitf detection as a surrogate marker of treatment outcome. After overall treatment, Mitf was detected in more than half of patients with relapse, consistent with the high incidence of disease recurrence associated with AJCC stage III melanoma. These findings indicate the potential value of Mitf detection as a monitoring tool that can detect systemic disease before clinical recurrence (4) . Most studies of circulating tumor cells in melanoma patients have used specimens obtained at only one time point. Few studies have reported serial analysis of blood before, during, and after treatment. This is a novel study examining circulating tumor cell levels in a multimodality treatment protocol. Serial assessment can detect intermittent release of tumor cells (4) and assess the responses to different phases of treatment (12) . This is essential to assess treatment response or disease progression during treatment. There was no correlation between Mitf detection and surgery in both relapse-free and relapse patients, suggesting that regional lymphadenectomy did not affect circulating tumor cells significantly in stage III melanoma patients. This also suggested that subclinical systemic disease had already been established earlier in the patients who developed relapse of disease. These findings suggest that there may be limited influence of regional nodal surgery for improving overall prognosis in all melanoma patients. This is a subject that is often debated and, presently, multicenter trials are attempting to address this issue.
Development of predictive markers to identify high-risk patients and to monitor the response to adjuvant therapy in patients who are clinically disease-free could contribute significantly to the advancement in the management of melanoma patients. As treatment regimens become multimodal and multiphasic, there will be an urgent need for clinically relevant surrogate markers for treatment response in specimens that can serially be obtained to evaluate different treatment phase. To date, assessment of predictive markers for neoadjuvant therapy of solid tumors has focused on primary and metastatic tumor specimens. However, these are static points that do not indicate whether tumor cells are being shed or whether a specific treatment is reducing subclinical metastasis and the potential for distant clinical metastasis. Serial assessment of molecular markers in blood can indicate the kinetics of tumor cell shedding in response to treatment. Our findings indicate that Mitf is a valuable single marker and may improve detection of circulating tumor cells in combination with other markers. We are currently investigating a panel of mRNA markers including Mitf using a quantitative RT-PCR that will validate the clinical utility of blood assessment as a predictive surrogate of outcome in a randomized multicenter study.
